Background/Aims: Cardiac dysfunction is one of the main cause of drug candidate failures in the preclinical and/or clinical studies and responsible for the retraction of large number of drugs from the market. The prediction of arrhythmic risk based on preclinical trials during drug development remains limited despite intensive and costly investigation. Moreover, methods for analyzing beating behavior of cardiomyocytes (CMs) in culture to diagnose arrhythmias are not well developed. Methods: In this study, we combined two emerging technologies, induced pluripotent stem (iPS) cell-derived CMs and impedance-based realtime (xCELLigence RTCA Cardio Instrument) monitoring of CM electrical activity, to assess the effect of drugs known affect cardiac activity such as isoproterenol, carbachol, terfenadine, sotalol and doxorubicin. Cells were exposed to a drug in a single dose or repeated dose scenarios and data were analyzed using RTCA Cardio software, Poincaré plot and detrended fluctuation analysis. Results: The results revealed significant changes in beating parameters of iPS-CMs induced by reference compounds. Heptanol, gap junction blocker, completely disrupted the synchronous beating pattern of iPS-CMs. Decrease of beating rate, amplitude and beat-to-beat signal variations of iPS-CMs monolayer observed in the presence of doxorubicin revealed severe abnormality detected by the system. Additionally, the irregular beating rhythms recorded in the presence of Terfenadine and Sotalol at high concentration, reflect abnormalities in cell contraction and/or relaxation which may lead to arrhythmia. Conclusions: All these results indicated that xCELLigence RTCA Cardio system combined with iPS cells, has the potential to be an attractive highthroughput tool for studying CMs during prolonged culture times and to screen potential drugs for cardiotoxic side effects.
In vitro Model for Assessing Arrhythmogenic Properties of Drugs Based on High-resolution Impedance Measurements

Introduction
Safety assessment remains a crucial step for drug development. A significant number of drugs with highprofile have been withdrawn from the market due to their 820 adverse effects (e.g. cardiotoxicity), while for many others drugs, safety labels have been revised to state adequate warning about their potential side effects [1] . Cardiac arrhythmia, a leading cause of death worldwide, is the result of any interference with the well-coordinated electrical pathways that produce the heart's rhythmic contractions [2] . The mechanisms of cardiac arrhythmias are still not fully understood, despite considerable research progress in the last decade. The passage of ions such as Ca 2+ , K + and Na + into and out of the cell generated electrical charges which in turn stimulate and coordinate cardiomyocyte (CM) contractions. Any alteration of these ions pathways will lead to heart dysfunction. For example, in most of the cases, cardiotoxicity arises when the compound interacts with ion channels or transporters to increase the risk for developing arrhythmias such as life-threatening Torsade de pointes (TdP) [3] . An important determinant for development of TdP is the prolongation of the QT interval, mostly arising from the prolongation of the action potential (AP) which affects the rapid potassium current (I kr ) by inhibition of Ether-a-go-go-Releted Gene (hERG) channel in CMs [1, 4] . Currently, assessing the risk of drug-induced QT interval prolongation is one of the main aspects of the standard preclinical drug evaluation [5, 6] . The assessments should be preferably based on repeated-dose toxicity tests. It has now become a routine for compounds to be tested for effects on hERG channel function early in drug development. However, given their involvement in a wide range of pathologies covering all major therapeutic areas, other ions channels are also known to play critical roles in physiology and disease by modulating cellular functions such as electrical excitability, secretion, cell migration, and gene transcription [7] . Therefore it is no surprise that ion channels are the second largest class of drug targets after G-protein receptors [8] . Despite being of such importance for drug discovery, the relevance and impact of ion channels data such as hERG are sometimes misinterpreted, as there are drugs that block the hERG channel but do not cause arrhythmia, and drugs that cause arrhythmia but do not block hERG channel [9] . The Ca 2+ channel blocker Verapamil is one well-known example [1] .
The creation of induced pluripotent stem (iPS) cells from adult somatic cells opened important new approaches not only for basic research but also for regenerative medicine, disease modeling and toxicology. Several recent studies have reported the generation and differentiation of iPS cell-derived cardiomyocytes (iPS-CMs) from different sources and species [10] [11] [12] [13] [14] . Studying the beating activity of spontaneously active iPS-CMs can provide considerable information on the effects of any compounds on the cardiovascular system. The use of iPSCMs has a potential to improve the confidence in the predictive value of tests and considerably reduces the number of animal experiments for toxicological testing [15] . However, drug testing using iPS-CMs requires a sophisticated platform of sensitive and cell compatible bioanalytical tools with sufficient and accurate recording capacity for key physiological and biochemical changes in the cells. Unfortunately, many of the techniques used are technically challenging, invasive and suitable only for defined endpoint measurements.
The new xCELLigence RTCA Cardio instrument, as described previously [16, 17] , offers a possibility for continuous real-time monitoring of the manufacturing process and label-free assessment of the physiological state of spontaneous beating CMs. In this study, we demonstrate that xCELLigence RTCA Cardio system is a convenient tool to characterize and discriminate effects of compounds on beating activity of iPS-CMs in a timedependent and label-free manner and, as such, is suitable for early discovery safety assessment.
Materials and Methods
Chemicals and media
Basic culture media were purchased from Gibco/ Invitrogen; supplements and chemicals were from Sigma Aldrich, unless otherwise specified.
Induced Pluripotent stem cell culture
Murine iPS cell line TiB7.4 was kindly provided by Alexander Meissner and Rudolf Jaenisch (Whitehead Institute for Biomedical Research and Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts). Cells were cultured as described previously [12] . Briefly, cells were maintained in an undifferentiated state in irradiated mouse embryonic fibroblasts (MEF) in Dulbecco's modified Eagle medium (DMEM) containing 15% fetal bovine serum (FBS), 1x non-essential amino acids, 2 mM L-glutamine, 50 µM 2-mercaptoethanol (2ME), and 1000 U/ml leukemia inhibitory factor (LIF, Chemicon). The cells were stably genetically modified by plasmid electroporation to express the puromycin resistance gene puromycin N-acetyltransferase and fluorescent reporter marker EGFP under the control of cardiospecific α-myosin heavy chain promoter to allow the generation of CMs at high purity by antibiotic selection. The generation and characterization of this cell line will be described elsewhere (Fatima A. et al., manuscript in preparation) .
Generation of iPS-CMs
Cardiac differentiation of transgenic iPS cells was performed in spinner flasks as previously described [12] . Briefly, after the first appearance of embryoid bodies (EBs) exhibiting the spontaneously contractile areas, usually at day 9 of differentiation, EBs were treated with 8 µg/ml puromycin for two days. Thereafter, all surviving beating clusters were dissociated into single cardiomyocytes with 0.05% Trypsin/ EDTA and cells were filtered through a 35-50 micron filter to remove remaining clumps. Further, the Percoll gradient centrifugation step was used to enrich for viable CMs. Pure CMs were subsequently preplated onto Petri dishes and incubated at 37°C in 5% CO 2 for at least 24 hours. The plating medium was then removed and cells washed in pre-warmed PBS to remove debris and dead cells. At the end, about 99% of purified CMs were readily obtained for different experiments.
Immunocytochemical staining analysis
Immunostaining assays were performed according to the protocol described before [11] . Briefly, cells were fixed for 10 minutes with 4% paraformaldehyde, permeabilized in 0.25% Triton X-100 (Sigma-Aldrich) and 0.5 M ammonium chloride in 0.25 M TBS (pH 7.4) and blocked with 0.8% bovine serum albumin (BSA) for 1 hour at room temperature. Subsequently, samples were incubated with primary antibodies against α-actinin (1:500; Sigma-Aldrich) and cTnT (1:500; Abcam) at 4°C overnight and detected by AlexaFluor 555-or AlexaFluor 647-conjugated secondary antibodies (1:1000, Invitrogen). Nuclei were stained with Hoechst 33258 (1:500, Sigma-Aldrich) and samples were examined using an Axiovert 200M florescence microscope (Zeiss, Göttingen, Germany).
xCELLigence Real Time Cell Analysis (RTCA) Cardio Instrument and Cell Plating on E-plate Cardio 96 wells
The xCELLigence RTCA Cardio Instrument, kindly provided by Roche Diagnostics (Penzberg, Germany), was used to monitor the beating activity of iPS-CMs as well as to record the effect of various compounds on CMs after short-and longterm exposure. As previously described [16, 18] , this system consists of four main components (Fig. 1A, B) . The RTCA Cardio System records impedance signals and further processes and displays the data by converting impedance value into a Cell Index (CI) value . The CI is derived to represent cell status based on the changes in impedance signals, which result from cell attachment to the bottom of the wells. Thus, the CI value mainly reflects changes in the number of attached cells, their morphology and beating activity [19] and is calculated as previously described [18] .
Each well of E-plates 96 was coated with 5 µg/ml fibronectin solution and incubated for at least three hours at 37°C or overnight at +4°C. Before seeding of CMs, each well was washed with PBS, filled with 150 µl of culture media and the background impedance measurement was performed during 21 seconds. To determine the appropriate iPS-CMs density for the impedance measurements, iPS-CMs were resuspended in cell culture medium (IMDM containing 20% FBS, 10 µM 2ME and 1x non-essential amino acids) and plated at a density of 5000, 10000, 15000 and 20000 cells/well (Fig. 1C) . Then, the plate was incubated for 30 minutes at 37°C to allow for an initial cells adhesion at the bottom of each well. Thereafter, the Eplate was mounted on the RTCA Cardio Station placed at 37°C in a 5% CO 2 incubator and CM adhesion and beating activity monitored using the RTCA Cardio Instrument.
Monitoring of cardiomyocyte activity using RTCA Cardio system
After the initial adhesion of CMs seeded in E-plate 96, the changes in adhesion, spreading and beating activity of the iPS-CMs were continuously recorded for up to two weeks using the impedance measurements by xCELLigence RTCA Cardio Instrument. To assess the effects of compound on iPS-CMs in this system, drugs with well-known mechanism of action on cardiac activity, such as isoproterenol (ISO), carbachol (CCh), terfenadine (TER), sotalol (SOT) and doxorubicin (DOX) were chosen. iPS-CMs were treated with these drugs at following concentration: ISO (0.01, 0.1, 1 and 10 µM), CCh (0.1, 1, 5 and 10 µM), TER (0.01, 0.1, 5, 10 µM), SOT (0.01, 0.1, 1, 10 µM) and DOX (0.1, 1, 5 and 10 µM). In some control experiments, heptanol (0.5 µM) and blebbistatin (10 µM) were used. Drugs were administrated at time 0 or 72 hrs post-plating. All drugs were dissolved in 0.1% DMSO and stored at -20°C. Control experiments with and without 0.1% DMSO were performed simultaneously. After compound administration, impedance was measured every 10 min for the following 24 h and afterwards every 15 min until the end of the experiment. Medium was partially (up to 85%) exchanged every 2 days.
Patch clamp recordings
Action potentials (APs) in spontaneously beating iPSCMs were recorded by the whole cell patch clamp method in current clamp mode using EPC-9 amplifier (Heka Electronics, Lambrecht, Germany) as described previously [12] . The resistances of the glass electrodes used were 2-6 MΩ when they were filled with the pipette solution containing (mmol/l): 50 KCl, 80 K-Asparate, 1 MgCl 2 , 3 MgATP, 10 EGTA, 10 HEPES (pH 7.2 adjusted with KOH). Extracellular bathing solution containing (mmol/l): 140 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 glucose and 10 HEPES (pH 7.4, adjusted with NaOH) was used. The glass coverslips containing the cells were placed into a temperature-controlled (37°C) recording chamber and perfused continuously with extracellular solution.
Multielectrode extracellular recordings
The iPS-CMs were cultured on microelectrode-array (MEA) chamber, precoated with 5 µg/ml fibronectin. After 3 to 4 days, syncytium formation of iPS-CMs monolayer was observed. A 60-channel amplifier (MEA1040, Multichannel Systems) was used to record electrical activity of the spontaneously contracting iPS-CMs. The data was further analyzed using software written using Matlab (The Mathworks, Natick, MA, USA).
Statistical analysis
After acquisition, data were analyzed using xCELLigence Cardio Software (Roche Diagnostics, Benzberg) as previously described [20] or exported as Excel and text files and further
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Poincaré plots and detrended fluctuation analysis
The Poincaré plot analysis (PPA) is a geometrical and non-linear method, which provides detailed information on the heart rate variability (HRV). Visual interpretations of the shape of the plot and quantitative analysis of the dispersion of the beat-to-beat signal intervals (RRI) at different beating rate have been used in previous studies [21, 22] . In the present study, beating rate variability for each well and condition were determined as previously described [21] . Usually, three important indices are derived from PPA: the standard deviation of the short-term RR-interval variability (SD1), the standard deviation of the long-term RR-interval variability (SD2) and the axes ratio (R=SD1/SD2) [22] .
To further characterize the beating signals recorded from iPS-CMs monolayer using impedance system, the Detrended Fluctuation Analysis (DFA) was used to quantify the fractal scaling properties of short time RR-interval signals. It quantifies the presence or absence of fractal correlation properties in nonstationary time-series data. The self-similarity occurring over a large range of time scales can be defined for a selected time scale with this method. DFA usually involves the estimation of a short-term fractal scaling exponent α 1 and a long-term scaling exponent α 2 as previously described [21, 23] . The short-term fluctuations are characterized by the slope 1 obtained from the (log n, log F(n)) graph within range 4 = n = 16. Correspondingly, the slope 2 obtained from the range 16 = n = 64 characterizes long-term fluctuations.
Results
Validation and functional properties of iPS-CMs
To screen for the effects of compound after shortand long-term exposure, the cardiomyocytes must be sensitive to a variety of toxicants, should be stable over longer periods of time and easy to cultivate to allow the generation of reproducible results. Based on these criteria, we used mouse iPS-CMs because of their ability to form functional syncytium with stable pacemaker activity and AP propagation for extended periods
The functional, structural and molecular properties of iPS-CMs used in this study were characterized extensively and will be reported elsewhere (Fatima A. et al., manuscript in preparation). These iPS-CMs express sarcomeric α-actinin (Fig. 1D ) and troponin T (Fig. 1E) , which play an indispensable role in contractility of cardiomyocytes, thus confirming their regular organization. We used impedance measurements, wholecell patch clamp and multi-electrode array (MEA) recording to analyze the growth and function of iPS-CMs. After plating on the fibronectin-coated surface of xCELLigence E-Plate Cardio 96 and MEA chamber for, respectively, impedance and MEA experiments, the beating iPS-CMs spread over the electrodes surface and formed confluent monolayer approximately 72 hours after plating, which then exhibited synchronous beating behavior in a cell-density dependent manner. The resulting beating rate of iPS-CM monolayer detected with impedance and MEA was comparable to the frequency of APs of single iPS-CM as determined by current clamp in side-by-side experiments (Fig. 1F ). The addition of 0.5 µM heptanol (a widely used reversible inhibitor of cell-to-cell coupling) to the iPS-CMs monolayer preparation completely inhibited the beating signals detected by impedance system. However, the same concentration of heptanol did not affect the APs frequency of single iPS-CM (Fig.  1G) recorded via the conventional current-clamp technique. Additional experiments revealed that blebbistatin (10 µM), the excitation-contraction uncoupler, completely abolished the contractility of monolayer iPSCMs detected by impedance, whereas no effects on AP morphology of iPS-CMs recorded with patch clamp technique were observed (data no shown), suggesting that impedance system can detect important drug effects that could not be revealed by electrophysiological tools suited for single cell analysis.
Monitoring iPS-CMs adhesion and beating activity
To characterize the beating activity of iPS-CMs with xCELLigence system RTCA cardio Instrument, we first determined the optimal density for attachment and stable beating activity recording. In this regards, iPS-CMs were plated on fibronectin-coated wells of the E-Plate Cardio 96 at densities of 5000, 10000, 15000 and 20000 iPSCMs/well and recorded for up to 200 hours. As shown in Fig. 2A , the impedance Cell Index (CI) increased proportionally to the cell density. The CI of low iPS-CMs density (5000 cells/well) increased continuously during the period of the study, whereas the CI of the high density (15000 and 20000 cells/well) increased and reach its maximum approximately 24 hrs after plating, thereafter remained unchanged during 200 hours, suggesting the early optimal saturation period with high cell density culture. We further investigated the effect of medium change on CI of iPS-CMs after plating. Media change 12 and 24 hrs after cell seeding significantly influenced the CI (Fig. 2B) . This observation suggests that medium should be changed after 48 hrs to maintain iPS-CMs in optimal condition for attachment. In addition, we also monitored the beating activity of iPS-CMs based on impedance measurement. After plating of iPS-CMs at low concentration (5000 cells/well), regular and stable beating signal was not detected within 120 hrs, but the signal appeared later and consistently increased over time (Fig. 2C, left panel) . However, with high iPS-CMs seeding density (20000 cells/well), consistent and synchronized beating signal was observed already 60 hrs post-plating and remained stable thereafter (Fig. 2C, right panel) . To further identify the optimal cell density, we analyzed the beating frequency (Fig. 2D) and amplitude (Fig. 2E ) of iPS-CMs in high versus low confluent cultures at different time points. After seeding iPS-CMs at 15000 and 20000 cells/well the maximum beating rate and amplitude were observed approximately 72 hrs later as compared to cells seeded at low density (5000 and 10000 cells/well), which exhibited irregular and unsynchronized beating signals. These results suggest that the appearance of reproducible contraction signals greatly depends on the cell density. For all further investigation on this study, we used iPS-CMs at the seeding density of 20000 cells/well that formed continuous monolayer, produced consistent rhythmic activity and maintained the viability of CMs over 15 days of cultivation.
Monitoring the effect of β-adrenergic and muscarinic-receptor agonists on iPS-CMs using xCELLigence system
To further evaluate the contractile activity of mouse iPS-CMs in the xCELLigence RTCA Cardio system, the influence of different drugs was examined experimentally. As one of the important critical determinants of normal cardiac electrophysiology is the intact response to hormones and transmitters of the central nervous system, we examined not only the suitability of our cell model for signaling studies but also the capability of the impedance to detect and capture changes in parameters describing spontaneous beating of CMs after drug exposure. Thus, the effect of ISO, a nonselective agonist of β-adrenergic receptors (β-AR) that activates the Gs subtype of G proteins and adenylate cyclase, and CCh, a synthetic acetylcholine analog that activates the Gi subtype of G proteins and inhibits adenylate cyclase, were studied.
Application of the high concentration of ISO (10 µM) led to a typical increase in beating frequency compared with basal frequency, whereas the application of CCh inhibited the spontaneous beating rate (Fig. 3A) . The impedance also detected the effect on the beating frequency of iPS-CMs monolayer at different concentrations of ISO and CCh (Fig. 3B) . The beating rate of iPS-CMs slightly increased (from 160 to 187 beats per minute, bpm) in the presence of low concentration (0.1 µM) of ISO, whereas 10 µM of ISO significantly increased the beating rate to 235 bpm (n=6, p<0.01) but did not change the amplitude of the beating signal (Fig.  3C) or the time to peak amplitude, also know as the rising time (Fig. 3D) .
The addition of 0.1 and 10 µM CCh caused suitable decrease in the beating frequency (18% and 96%, respectively, Fig. 3B ).The presence of 10 µM CCh induced a significant change in contraction amplitude (Fig. 3C ) and rising time (Fig. 3D ) of the monolayer of iPS-CMs in a reversible manner. Additionally in some wells, the application of CCh in the presence of ISO was able to block the ISO effect (data not shown), indicating intact and coupled β-adrenergic and muscarinic signaling cascades and the ability of the impedance system to detect drug-induced alterations of signaling pathways in cardiomyocytes.
To further quantify the effect of drugs on beating signals and beat-to-beat variations, which could be used as an indirect read-out for arrhythmias, we generated a Poincaré plots from 20 second recordings in the presence of DMSO (control), ISO and CCh. Fig. 3E (upper panel) shows Poincaré plots of representative experiments where the standard deviation measuring the short (SD1) and long (SD2) axis of RRI, and the ratio SD1/SD2 (R) are indicated. In the presence of ISO, an increase in beating rate of iPS-CMs increased the value of SD1 (from 10.7 to 15.8 ms, p<0.05), SD2 (from 86.8 to 101.7 ms, p<0.05), whereas R was slightly increased without reaching significance (from 0.12 to 0.15). However, CCh significantly decreased (p<0.05) the SD1 (2.1 ms), SD2 (32.6 ms) and R (0.06) compared to baseline. In most of the cases, change of theses parameters was restored to near-normal levels within 48 hrs after ISO and CCh removal.
Next, we used detrended fluctuation analysis (DFA) to assess the effect of ISO and CCh on the dynamics of beating signals of iPS-CMs recorded with impedance system. The scaling exponents obtained with this analysis can be seen as self-similarity parameters. Fig. 3F shows representative double log plots of the index F(n) as a function of segment length n. In the presence of ISO (α 1-control =1.92 vs. α 1-ISO =1.84) or CCh (α 1-control =1.92 vs. α 1-CCh =1.93), the shorter scales exponents do not differ significantly, but it is worth noting the shift of the position in the crossover point (circles in Fig. 3F ) after the administration of the drugs. On the contrary, the longterm fluctuation was decreased in the presence of ISO (α 2-control =1.07 vs. α 1-ISO =0.71, p<0.05) and increased with CCh (α 2-control =1.07 vs. α 1-CCh =1.16, p<0.05), reflecting the chronotropic action of the agonist and demonstrate that DFA can be used to clearly discriminate the action of drugs on cardiac contractility.
Monitoring the effect of terfenadine on iPS-CMs using xCELLigence system
Pharmacological agent TER was tested to further determine the suitability of the impedance-based system for pharmacological and toxicity studies. TER is a nonsedating antihistamine drug that was withdrawn from the market due to its potent hERG blocking activity causing QT prolongation and in some cases TdP. As depicted in Fig. 4A , TER increased at low concentration (0.1 µM) the beating rate of iPS-CMs up to 42% above baseline whereas 10 µM significantly induced the beating irregularity in iPS-CMs (Fig. 4B) .
To further quantify the effect of high dose (10 µM) of TER on iPS-CMs, we first determined the beating rhythm irregularity (BRI) or irregular beat ratio (IBR) as described previously [17, 20] . TER did not induce marked differences in the distribution of the beating signal amplitudes (Fig. 4C) as indicated by the error bars of the mean values (Fig. 4C, insert) but significantly decreased the time to beat amplitude (Fig. 4D ) of spontaneously beating iPS-CMs.
The Poincaré plots of iPS-CMs in control experiments and in the presence of TER at different concentrations are depicted in Fig. 4E . Compared to control values, 0.1 µM of TER significantly reduced the values of SD1 (from 12.6 to 6.2 ms, p<0.01) and SD2 (from 101.5 to 49.4 ms, p<0.01). In contrast, higher dose of TER (10 µM) significantly increased those parameters (to 21, 2 and 172.9 ms, respectively; p<0.01). These observations confirm that beating signals of iPS-CMs in monolayer cultures become more irregular in the presence of high concentration of TER.
Monitoring the effect of sotalol on iPS-CMs using xCELLigence system Next, we investigated the ability of the impedance system to detect the effect of a clinically used antiarrhythmic drug on iPS-CM repolarization. Sotalol (SOT), a class III antiarrhythmic agent, is known to prolong the AP duration (APD) of cardiac cells by blocking I Kr [24] . Application of SOT at different concentrations had significant effect on the beating signal properties (Fig.  5A ) of iPS-CMs monolayer as monitored with impedance system. SOT induced beating irregularities in a concentration-dependent manner (Fig. 5B ) and decreased the amplitude (Fig. 5C ) and the time-to-peak amplitude (Fig. 5D) . Poincaré plots revealed that SOT at low concentration (0.1 µM) increased the SD1 from 10.7 to 15 ms (p<0.05) and to 18.1 ms (p<0.01) at high concentration (Fig. 5E) . The long axis of Poincaré plot was also increased as a function of higher drug concentration. At 0.1 µM SOT induced an increase of SD2 from 86.8 to 112.4 ms (p<0.05) and even more pronounced increase to 139.5 ms was obtained at concentration of 10 µM (p<0.001). These results clearly show that high concentrations of TER and SOT (10 µM) substantially alter the regular rhythmic activity (e.g. split beat signal into multiple peaks) of iPS-CMs cardiomyocytes.
Effects of anticancer drug Doxorubicin on the beating behavior of iPS-CMs evaluated by the impedance system
Doxorubicin (DOX) is a highly effective drug used in cancer chemotherapy. The clinical application of DOX was restricted because of its serious side effects on the heart. To evaluate the effects of DOX on iPS-CMs in monolayer cultures different concentrations (0.1, 1, 5, 10, 50 μM) were applied 10 hours after cell seeding. Fig. 6A shows the changes of CI as function of time for different concentrations of DOX. The impedance CI decreased evenly after the addition of different concentrations of DOX and the recovery occurred gradually after washout. Within 24 hours after plating of iPS-CMs, no beat signals could be detected neither in the absence nor in the presence of DOX (Fig. 6B) . Beating signals were detectable 72 and 96 hours post-plating. Beating activity was not affected by the application of 0.1 µM DOX, whereas DOX at the high concentration (50 µM) significant changed the beating pattern with immediate response (Fig. 6B) . Fig. 6C displays the beating rate as a function of concentration of DOX. For this experiment, DOX at indicated concentration, were applied 10 hours after iPS-CMs plating and monitoring for at least 200 hours. In the continuous presence of 0.1 µM of DOX, the beating rate did not significantly changed whereas 5, 10 and 50 µM of DOX considerably decreased the beating rate by 54, 71 and 94% after 72 hours, respectively (Fig. 6C) . Beating rate continuously decreased as a function of time and increasing drug concentration. In addition, the amplitude of beating pattern was significantly reduced for 5, 10 and 50 µM DOX compared to control cells (Fig. 6D) .
Beat-to-beat variations may hold information on the electrical stability of the heart and its susceptibility to arrhythmic mortality. To further analyze this property of cardiac cells under DOX treatment, the percentage of relative beat-to-beat variations was estimated as a function of time (Fig. 6E) . The response time of the beatto-beat variations to DOX was significantly longer than that of beating rate and amplitude and this response was dose-dependent. At lower concentration of DOX, iPSCMs took longer time to show change in beating rate and amplitude whereas at higher concentration these parameters changed much faster. Application of 0.1 µM of DOX did not induce relevant change of the beating rate (10%) of iPS-CMs 12 hours post-application, but 50 µM of DOX applied at the same time decreased the relative frequency by 47%. However, treatment of iPSCMs with 0.1 µM DOX for a long-term (72 hours) significantly decreased the frequency (47%), an indication for cell damage. Therefore, the continuous treatment of CMs with low concentrations of DOX could induce functional impact that could be detected by impedancebased recordings, but it could also cause desynchronous contraction of the cells. These results are in accordance with those observed by Sawyer et al. [25] , which showed apoptosis at low concentrations (1 µM) and necrosis at higher concentrations (>10 µM) of daunorubicin, an another prototype agents of the anthracyclines considered as cardiotoxic as DOX [26] .
Discussion
In vitro cell observation methods have been widely used by biologists and pharmacologists not only for drug screening but also in cell-based therapies for regenerative medicine. These methods should be as non-invasive as possible. In this study, we show that an impedance-based cell analysis system can be used for dynamic live cell monitoring. As previously described [16, 17] , application of a low voltage signal that induces ionic currents between the microelectrodes at the surface bottom of each well generated an impedance signal, which is precisely and rhythmically interrupted by contraction and relaxation processes of spontaneously beating CMs. This system is a label-free technology which can be used to detect cellular events such as effects on the cellular morphology (e.g. agent-induced alteration of the cytoskeleton), cell death or apoptosis and G-protein coupled receptor stimulation [27] . Moreover, it can be used to monitor electrophysiological function of CMs under various conditions (e.g. in the presence of agonist or antagonist) as well as for toxicity assays. The change in the electrical impedance of microelectrodes on the bottom wells of E-plate cardio 96 through the overgrowth of cultured living cells is an attractive method to evaluate qualitatively the state of adhesion, proliferation, development of intercellular connections and APs propagation in the biological material such as iPS-CMs.
Beating CMs derived from ES or iPS, lead to complex patterns and erratic fluctuations of signal, which derive from phase shifts that individual beat signal can induce in the depolarization or repolarization phase of neighboring cardiomyocytes [28, 29] . The contraction and relaxation processes of CMs depend on different mechanisms and on different ion channel functions [30] . In addition, the format for representing the signal of impedance analysis results, which can differentiate the contraction to relaxation phase, is convenient for monitoring the beating activity of iPS-CMs. Therefore, we used this impedance system to monitor short and longterm cardioactive drugs effects on CMs generated from mouse iPS cells.
β-adrenergic and muscarinic receptors are critically implicated in modulating cardiac function and we demonstrated that application of ISO dose-dependently induced gradual increase in the beating frequency and decreased the beat-to-beat intervals of iPS-CMs in monolayer cultures, reflecting the chronotropic action of the β-AR agonist. The increment in beating rate (up to 70%) with maximum concentration is similar to that observed in adult murine CMs (65%) and ES cell-derived CMs (40%) [31] , suggesting a functionally active β receptors in iPS-CMs detected by the impedance-based system. In fact, the stimulatory β-AR response is initiated via G protein activation of adenylyl cyclase and subsequent protein kinase A (PKA)-mediated phosphorylation of L-type Ca 2+ channels (LTCC), resulting in increased Ca 2+ influx and augmented contractility (inotropy) as well as increased Ca 2+ reuptake and relaxation [32, 33] . While this increase in myocyte Ca 2+ produces the force required to meet the excessive contractile demands, it can also activate processes that cause cardiac dysfunction, such as arrhythmia, which could also be detected by the xCELLigence RTCA Cardio system [34] . Moreover, the exposure of iPS-CMs to CCh produced a dose-dependent decrease in the beating rate, which is in agreement with a negative chronotropic effect of the compound. The application of CCh in the presence of ISO was able to block the ISO effect in monolayer of iPS-CMs, indicating intact and coupled β-adrenergic and muscarinic signaling cascades and the ability of the impedance system to detect any variations in the cells environment and signaling pathways.
As Poincaré plot is useful to illustrate short and longterm variability in beating signals and internal dynamics of beatings, some previous studies discussed the perturbations of parasympathetic and sinoatrial node affects by the Poincaré plot [35, 36] . The variation observed in the distribution of the data points of Poincaré plot would be the consequence of high parasympathetic disturbance. However, in iPS-CM monolayer, there is no controls mechanism for beatings. Nevertheless, as the plots almost revealed every beat signals as a function of the previous one, then our recordings signals mainly show a systematic behavior.
The primary goal of any cardiac risk assessment test is to detect with the highest possible sensitivity the cardiac arrhythmic potential of drug candidates. We have demonstrated that both TER and SOT, compounds shown to induce cardiotoxicity, significantly increase beating variability and affect beating rate of iPS-CMs in a dosedependent manner. Studies involving the mechanisms underlying these cardiotoxicities revealed that TER blocks the human ether-a-go-go related gene (hERG), which is involved in expression of ion channels (e.g. K [37, 38] . Defects in hERG lead to prolongation of the QT interval. Drugs that prolong the APD and QT interval are well-known to be highly arrhythmogenic as they tend to elicit early afterdepolarizations (EADs) and enhanced dispersion of repolarization that progress to TdP [39] . In fact, the morphology variation of iPS-CMs monolayer beating signal observed in the presence of TER and SOT could be related to EAD effect induced by blocking of the hERG current leading to premature activation of Ca 2+ channels and consequent risk of arrhythmogenesis [17, 40] . In addition, DOX has been shown to induce arrhythmia and cardiotoxicity [17, 41] . After exposure to DOX, the variability of iPS-CMs monolayer beating parameters was significantly increased with prominently declined amplitude and frequency in a dose and timedependent manner. It is possible that organization, connection and intracellular components of iPS-CMs were impacted under treatment of DOX at high concentration, which altered cellular function and finally resulted in arrhythmia. Recent papers described a possible mechanism by which DOX induces cardiotoxicity. The most common mechanism includes the formation of free radicals and superoxides [41] and influence on the Ca 2+ homeostasis [42] , which in combination could induce QT prolongation by blocking K + and Ca 2+ channels and prolonging the APD of each CMs present in the monolayer culture. In fact, before leading to apoptosis, oxidative stress can cause alterations in mitochondrial Ca 2+ transport, which therefore can lead to tissue injury, cell death and impaired cardiac contraction.
In summary, the xCELLigence RTCA Cardio system in combination with iPS-CMs represents a useful system for assessment of cardiotoxicity of developing drug candidates by providing a comprehensive array of data in real time. Our current studies, together with additional, recent validation studies [16-18, 20, 43] , suggest that this system provides new approach to extensive, fast response, high-throughput recording and evaluation of drug-induced cardiotoxicity. Moreover, Poincaré plots and detrended fluctuation analysis could be combined with the xCELLigence RTCA Cardio software as suitable tools to describe cardiac arrhythmia and variations in beating rate. Lastly, iPS cells isolated from a patient with particular genetic disease can be manipulated in vitro to generated cardiomyocytes and used in this system to develop appropriate personalized therapies.
In conclusion, we shown the utility of RTCA Cardio system for pre-clinical cardio-safety screening using iPSCMs. This system allows for high temporal resolution of iPS-CM beating cycles and offers a comprehensive assessment of cardiotoxicity. Additionally, it also possesses some useful properties such as noninvasive, continuous monitoring of changes in beating activities during compound exposure, which are unique to its design. Therefore, this system could be easily applied to screen for potential problems with promising drug molecules at the earliest possible stage, aiding their development.
